To identify the interplay between the underlying topology 1-3 of the E. coli K12 MG1655 metabolic network and its functional organization, we focus on the global features of potentially achievable flux states in this model organism with a fully sequenced and annotated genome 13, 14 . In accordance with flux-balance-analysis (FBA) [8] [9] [10] [11] [12] , we first identified the solution space (i.e., all possible flux states under a given condition) using constraints imposed by the conservation of mass and the stoichiometry of the reaction system for the reconstructed E. coli metabolic network [8] [9] [10] [11] [12] . Assuming that
cellular metabolism is in a steady state and optimized for the maximal growth rate, FBA allows us to calculate the flux for each reaction using linear optimization [8] [9] [10] [11] , providing a measure of each reaction's relative activity. As previous experiments of Pallson and collaborators have shown [8] [9] [10] , the steady state and optimality approximations offer experimentally verifiable predictions on the flux states of the cell. However, under any condition there are expected differences as well, some coming from the fact that there are transient effects and that the flux distribution is not always exactly optimal 12 . A striking To examine whether the observed flux distribution is independent of the environmental conditions, we mimicked the influence of various growth conditions by randomly choosing 10%, 50% or 80% of the 96 potential substrates that E. coli can consume (the input substrates are listed in Table S2 , Supplementary Material).
Optimizing the growth rate, we find that the power law distribution of metabolic fluxes is independent of the external conditions (Fig. 1b) . As the metabolic activity of E. coli frequently deviates from the optimal growth state under variable growth conditions 10, 12 , we inspected if the wide flux distribution is present in non-optimal states as well. For this we implemented a "hit-and-run" method 16, 17 that randomly samples the full solution space, allowing us to calculate the flux for each reaction in 50,000 distinct non-optimal states. While the obtained average flux distribution is consistent in shape and flux ranges with those obtained by the optimal FBA, the flux exponent is somewhat larger ( 2 = α , Fig. 1c) , and the quality of the scaling is slightly weaker. Interestingly, many individual non-optimal states (Fig 1c, inset) are consistent with an exponent 1 = α , in accord with the experimental results (Fig 1d) , supporting the prediction 10, 12 that these organisms may not have achieved optimality. These findings imply that the observed flux distribution is a generic feature of flux conservation 18 on a scale-free network 19 , being independent of the optimal or non-optimal nature of the growth rate or the growth conditions. The exponent, however, may depend on the organism's position in the solution space. 
where ij νˆ is the mass carried by reaction j which produces (consumes) metabolite i. 
is independent of k. For the E. coli metabolism optimized for succinate and glutamate uptake we find that both the in and out degrees follow Material for further details).
The local flux inhomogeneity indicates that for most metabolites we can identify a single reaction dominating its production (consumption). This observation can be turned into a simple algorithm, which systematically removes, for each metabolite, all reactions but the one providing the largest incoming (outgoing) flux contribution. The algorithm uncovers the high flux backbone (HFB) of the metabolism, a distinct structure of linked reactions that forms a giant component 21 with a star-like topology (see both Fig. 3 and (Fig. S12, Supplementary Material) . Apart from minor changes, the utilization of the other pathways remains unaltered. These reorganizations result in major discrete changes in the fluxes of the HFB reactions.
The power-law distribution of metabolic fluxes within the E. coli metabolism indicates a highly uneven utilization of the underlying metabolic network topology.
While wide flux differences among various pathways are known from individual experimental observations 15,25-27 , we find that they are part of a scale-invariant continuum, following a scaling law. The uneven flux utilization is present at both the global level (Fig. 1) , and at the level of the individual metabolites (Fig. 2a) . This observation allows us to automatically uncover the high flux backbone of the metabolism and could provide significant insights into metabolic organization and regulation as well as offering valuable inputs for metabolic engineering.
The observation and theoretical prediction of a power-law load distribution in simple models (Ref. 18 and Supplementary Material), as well as the presence of a power law in both the optimal and non-optimal flux states, suggests that the metabolic flux organization is a direct consequence of the network's scale-free topology. As all organisms examined to date are characterized by a scale-free 19 
Methods

Flux balance analysis (FBA)
Starting from a stoichiometric matrix of the MG1655 8, 9 strain of E. coli, containing 537 metabolites and 739 reactions, the steady state concentrations of all the metabolites satisfy
where ij S is the stoichiometric coefficient of metabolite i A in reaction j and j ν is the flux of reaction j. We use the convention that if metabolite i A is a substrate (product) in Random uptake conditions We choose randomly X%, (where X=10, 50 or 80) of the 89 potential input substrates E. coli consumes in addition to the minimal uptake basis. For each of the transport reactions we set the uptake rate to 20 mmol/g DW/h. As there is a very large number of possible combinations of the selected input substrates, we repeat this process 5000 times and average over each realization.
The "hit-and-run" method 16, 17 We select a set of basis vectors spanning the solution space using singular-value decomposition. Since the reaction fluxes must be positive, the "bouncer" is constrained to the part of the solution space intersecting the positive orthant.
We constrain the bouncer within a hypersphere of radius R max and outside of a 
